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Executive Summary
The purpose of this report is to compare the radio-frequency (RF) performance of various photodetection architectures for use in free-space analog photonic links. The motivation for this work was to understand how to optimize overall link performance at microwave frequencies. However, the results we obtain are applicable to any photonic link, including links employing optical fibers.
We first present the basic theory for an RF link employing a photonic segment. We then present experimental results comparing three photoreceiver architectures: 1) a p-i-n photodiode with internal load resistor; 2) a p-i-n photodiode with internal load resistor followed by a high-gain, RF electrical amplifier; and 3) a p-i-n photodiode followed by a transimpedance amplifier.
Finally, we perform calculations to predict the performance of a photoreceiver comprising an avalanche photodiode (APD) followed by an RF gain element (either a TIA or an RF amplifier. Typically, an APD is employed to provide gain internal to the photodiode and thus relieve the performance requirements for any external amplifier.
By comparing the RF link metrics of gain, noise figure, and linearity for these various architectures, we can assess the utility of any particular approach in any given link.
We conclude that an architecture comprising a p-i-n diode, with or without an internal load resistor, followed by a high-quality, high-gain RF amplifier is almost always the preferred receiver architecture.
The discussion and experiments are limited to intensity-modulated, direct-detection photonic links.
Introduction
In this report we consider the issue of the optimum photoreceiver for use in an analog, radio-frequency (RF), free-space optical (FSO) link operating at frequencies at or above 1
GHz and employing intensity-modulation and direct detection (IMDD) . Due to atmospheric turbulence, the received optical power can fluctuate by orders of magnitude and, for long-distance links, the maximum received optical power is often significantly less than 100 uW [Burr09, Buch09] . For digital FSO links operating at rates of a few hundred MBits/sec, a common photoreceiver is a p-i-n or avalanche photodiode with a built-in transimpedance amplifier (TIA) and often incorporating automatic gain control (AGC). Depending on the modulation format, AGC may or may not be permitted in an analog link and, in any case, AGC will produce turbulence-dependent distortion in the analog signal. By comparison, for fiber-optic based analog photonic links, the typical photoreceiver comprises a p-i-n photodiode followed by an RF amplifier.
Proper choice of photoreceiver for a FSO analog link can be quantified based on the overall RF gain, noise figure and linearity of the entire link. In this report we present the results of laboratory measurements on a fiber-optic analog photonic link using three different photoreceivers: 1) a reverse-biased p-i-n photodiode with internal load resistor;
2) a reverse-biased p-i-n photodiode with internal load resistor followed by an external, high-gain RF amplifier; and 3) a reverse-biased p-i-n photodiode with no internal load resistor but with a TIA built into the package.
We first summarize the theory for RF gain, noise figure and linearity in the general case of an analog photonic link and then apply the theory to links employing the photoreceivers studied here. We also present calculations for a photoreceiver comprising an avalanche photodiode (APD) followed by a gain element, either a TIA or an RF amplifier.
SI units are used throughout. Figure 1 shows a generic photonic link employing intensity modulation and direct detection. The intensity modulator transforms RF signals into intensity modulation of the optical beam and the photoreceiver transforms the intensity-modulated optical signal assume that what will be referred to as the "photonic link" will always contain a p-i-n diode as the means of photodetection. The photodiode produces photocurrent I proportional to received optical power. I comprises a DC photocurrent DC I
Theory
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proportional to the time-averaged received optical power and an RF photocurrent i proportional to the product of DC I and the RF modulation. For calculating RF link quantities, the critical system parameter is, in fact, the DC photocurrent DC I [Buch08] . 
where is the RF-frequency-dependent responsivity. The (dimensionless) RF power gain of the photonic link is 
In order to obtain expressions for the r-parameter we consider the two specific photodetector RF circuits shown in Fig 2. In Fig 2a, Fig. 3 are exceedingly poor thus demonstrating that the utilization of a photonic link for transmission of analog information presents significant challenges. By making simplifying assumptions about the noise, the noise figure can also be calculated as a function of DC I . This will be addressed in the next section. 
Cascade Parameter Analysis
Consider now a series cascade of RF gain elements as shown in Fig. 3a 
Fig. 4. (a) Generic representation of a cascaded chain of gain element; (b) cascaded chain of gain elements in an analog photonic link (including p-i-n photodiode) and external RF amplifier; ( c)photonic link (including p-i-n photodiode)and transimpedance amplifier (TIA); (d) Photonic link with avalanche photodiode (APD) and integrated TIA. Here, the APD is modeled as a p-i-n photodiode (integral to the photonic link) followed by an avalanche current amplification process.
the cascaded noise figure is
and the cascaded OIP3 is given by
For the specific cases N = 2 and N = 3, we have
From Eqs (6a -6c) and the that fact that all the quantities in these expressions are nonnegative, we see immediately the following general features of any cascaded series of RF gain elements:
1.
Gains anywhere in the chain contribute to overall gain.
2.
The noise figure of a chain can never be smaller than the NF of the first element in the chain.
3.
The third-order intercept point of the chain can never be larger than the OIP3 of the last element in the chain.
Figures 4b, 4c and 4d show a combination of subsystems comprising the type of analog links we have in mind. Figure 4b shows a standard intensity-modulated link employing a p-i-n photodiode followed by an external RF amplifier; Fig. 4c shows a standard link employing a p-i-n diode followed by an external TIA; and Fig. 4d shows a standard link followed by an APD with an integrated TIA. In this last case, we assume that the APD can be represented as a p-i-n diode having responsivity equivalent to the responsivity of the APD at current gain M = 1 and followed by an avalanche current amplification process (M > 1).
For the systems shown in Fig. 4b or 4c, the overall (cascaded) system parameters
where the subscript "PL" denotes "photonic link" and the subscript "G" denotes "gain element" which, in these cases, means either an RF amplifier or a TIA.
For the system shown in Fig. 4d ,
where the subscript "APD" denotes "avalanche photodiode."
When the received optical power is relatively low (<< 1mW), the photonic link portion of the overall gain will be very small 1 PL G << and generally will be much smaller than the gain of either the TIA or the RF amplifier , ,
The RF gain of the TIA, derived in Appendix 2, is given by
where ( 
2 APD G M =
Noise
To complete this theory section we now present expressions for electrical noise power spectral densities for the systems under consideration. We make the simplifying assumption of neglecting laser intensity noise and optical amplifier noise. We also neglect non-thermal noise in the receiver electronics. At the output of the p-i-n photodiode, the total electrical noise spectral density competing with the RF signal is
The first term is the input thermal noise amplified by the photonic link gain, the second term is the thermal noise present in the output load independent of the presence of the link, and the third term is shot noise. By definition, the noise figure of the photonic link is the ratio of input to output signal-to-noise ratios 
Writing the link gain explicitly as a function of DC photocurrent, plot indicates quite strikingly that any useful employment of a free-space link for analog signal transmission will be limited to photocurrents above, say, 10 uA. Otherwise, the motivation for using an intensity-modulated, direct-detection (IMDD) analog link over a long free-space must be sufficiently high to accept the exceedingly poor noise figure. We hasten to add that other analog modulation/demodulation techniques may offer performance superior to IMDD but, in any case, very low photocurrent values will always yield poor analog link performance.
Fig. 5. Noise figure of an analog IMDD photonic link as a function of DC photocurrent for the two cases r = 0 (no internal load resistor) and r = 1 (internal load resistor).
We now calculate the noise figure of the APD. We assume that the excess noise factor of the APD can be written Gowa84, Gagl95, Alex97] . Furthermore, the noise figure of a highquality RF amplifier is usually on the order of or less than a few dB and, for narrowband amplifiers, can easily be less than 1 dB. Hence, the NF of the APD will generally be larger than the NF of a corresponding RF amplifier except possibly in the regime of moderate M, low x, and large received optical power. 
Experimental Results
We preformed a series of laboratory experiments using an optical fiber link, as shown in Fig. 8 ).
. Set-up for laboratory measurements including distributed feedback laser (DFB), Mach-Zehnder electro-optical modulator (MZM), RF source (RF), electrical band-pass filter (BPF), optical power meter (OPM), photoreceiver (PhotoRx), and electrical spectrum analyzer (ESA). The optical link in this case consisted of a few meters of singlemode (SM) optical fiber. The "x" indicates the location of a splice between SM fiber and multimode fiber pigtailed to the photodiode in the photoreceiver (for the case of the receiver configuration (c) shown below in
MZM. An electrical spectrum analyzer (Agilent 8563EC) was used to record the RF spectrum of the photoreceiver output. As shown in Fig. 8 , three photoreceivers configurations were investigated 1) a p-i-n photodiode with built-in 50 ohm resistor (Discovery Semiconductor DSC30S pigtailed with 62.5/125 multimode fiber); 2) the same p-i-n photodiode with an external RF amplifier ( Miteq AM-4A-0510 (500-1000MHz) ); and 3) a p-i-n photodiode with an integrated TIA amplifier (Discovery Semiconductor DSC-R402AC-73-FC/UPC-K-1).
A summary of the RF parameters (including parameters measured in this study) for the RF amplifier and the transimpedance amplifier is given in Appendix 3.
Fig. 8. The three photoreceiver configurations studied: (a) photodiode with integrated load resistor; (b) photodiode with integrated load resistor and external RF amplifier; and (c) photodiode with integrated TIA.
Source Calibration
For the two-tone measurements performed in this investigation, the Agilent VSG was run with the following settings: Mode = Two-Tone, Freq Sep = 1.33 MHz, Alignment = Center. The power in each signal entering the MZM was calibrated against the RF power setting on the VSG. The results are shown graphically in Fig 9. The center frequency (1000.112 MHz) of the tones was chosen to be symmetrically disposed with respect to the passband of the BPF and the frequency separation (1.33 MHz) was chosen arbitrarily to be an unambiguously identifiable value. For completeness, Figure 10 shows the residual (post-BPF) high-frequency intermodulation spur as a function of the RF power in the higher-frequency tone. These levels are low enough to properly measure the intermodulation distortion of the optical system.
Fig. 9. Calibration curves for RF power (dBm) in each tone of the two-tone CW output as a function of the power setting (dBm) on the VSG.
Fig. 10. Residual intermodulation distortion (high-frequency IMD spur) of the signal entering the MZM.
Next, the RF properties of the Miteq amplifier were measured. Figure 11a shows the output power in the two-tone fundamentals and intermodulation tones as a function of RF power applied to the MZM. The third-order output intercept point obtained in the standard fashion using the graph itself is estimated to be OIP3 = +23.7 dBm, as shown.
The upper curve of Figure 11b shows that the RF gain as a function of RF power applied to the MZM is approximately +56 dB in the linear regime with compression beginning near -48 dBm input power. The lower curve in Fig. 11b shows the OIP3 calculated using the expression [Uric09] f f P − is the power in either spur. Note that OIP3 obtained in this fashion is in close agreement with the OIP3 value obtained using traditional graphical analysis. (Fig 11a) 
Measurement Technique
Here we discuss briefly the RF measurement technique used with the electrical spectrum analyzer (ESA). Measurements were performed in either of two modes: 1)"narrowband" with a 2 MHz span, or 2) "wideband" with a 5 MHz span. Wideband measurements allowed simultaneous recording of all four signals: low-frequency spur, low-frequency tone, high-frequency tone, and high-frequency spur. The amplitude scale typically used was 10 dB/div. To obtain better power accuracy, the narrowband measurements were performed for one spur at a time with 2dB/div scale. At each input power level, the ESA reference level was manually adjusted to bring the measured power in the strongest signal to within 2-4 dB of the top of the trace. Video averaging was used, typically 8-64
averages, depending on how close the signal was to the noise floor. Gain and OIP3 (lower curve, calculated using Eq (4) with r = 1) as a function of applied RF power.
Fig. 11. (a) Power in fundamental and intermodulation tones as a function of input RF power in each tone applied to the MZM. By this graphical analysis, we find OIP3 ~ +23.7 dBm. (b) RF
Photonic Link
Next, the RF parameters of the photonic link itself (no post-amplification) were measured. Here the DSC30S photodetector was used. The results for RF gain are shown in Fig. 12 . The validity of the analog optical link equations (summarized in Appendix 1)
is by now so well established that we can use the equations to experimentally determine measure NF in this case is to add a low-noise RF amplifier, having known NF, to the system output -but this is exactly the overall system shown in Fig. 8b -a configuration to be discussed below.) this to be true in general). Data points in Fig. 13 labeled "full" were obtained using the 5 MHz span, while the other points were obtained using the 2 MHz span. Slight discrepancies between theory and observation may arise here due to slight inequalities between the power in the two applied tones since the theory assumes the tone powers are exactly matched. Another possible source of discrepancy is the nonlinear response of the photodiode itself [Hast09] .
RF-Amplified Photonic Link
In this section we report the results of measurements made after adding an RF amplifier to the link output (Fig. 8b ) and repeating measurements of gain, noise figure and OIP3. The expected gain is calculated simply as the sum of the (calculated) link gain at 92 uA photocurrent, − 57.9 dB, and the +56 dB gain of the RF amplifier, leading to an overall gain of -1.9 dB in good agreement with the observed value of approximately -2.3 dB.
To determine the expected overall OIP3 we use the cascaded OIP3 formula ( Eq 9c) . This poor noise figure is not unexpected since the first element in the cascade of gain elements, namely the photonic link, has such a poor noise figure itself due to the low received photocurrent.
TIA-Amplified Photonic Link
Finally, we investigated a link employing a transimpedance amplifier integrated with a pin photodiode (DSC-R402AC-73-FC/UPC-K-1) as shown in Fig. 8c . For these measurements the dc photocurrent was 100 uA obtained by manually adjusting the optical attenuator. The results for gain and OIP3 are shown in Fig. 15 .
The expected gain is calculated again as the product of the link gain at 100 uA photocurrent, −51.9 dB , (calculated using the gain expression (Appendix 1) without an internal load resistor) and the +21.6 dB gain of the TIA amplifier, leading to an overall calculated gain of -30.3 dB, a value in good agreement with the observed value of approximately -29.7 dB.
We measured OIP3 to be -6.9 dBm using graphical analysis, and we calculate OIP3 to be in the range -7.1 dBm to -7.8 dBm using Eq (4) 
Comparison of Architectures
In this final section we compare the theoretical RF performance of the two system architectures shown in Figs 4b or 4c and 4d, namely, a p-i-n photodiode followed by an amplifier; and an avalanche photodiode (APD) followed by an amplifier.
We need to make one careful distinction between the assumed form of the p-i-n photodiode in the two cases. For practical purposes, the p-i-n diode in architecture 4b or 4c will likely be integrated into a package containing an internal load resistor for frequency flattening. Hence, the equations in Appendix 1 corresponding to r = 1 apply in this case. For the architecture in Fig 4d, on the other hand, the model for the APD does not include an internal load resistor since the current gain is integrated in the photodiode itself. Hence, the r = 0 equations in Appendix 1 apply here.
To make a fair comparison, we assume that is the same in both cases and that the overall post-photonic link gains are equal, that is,
To compare noise figures we use Eqs 9b and 10b, and form the ratio ( ) 
The noise figure for a broad-band, low-noise RF amplifier is often less than 3 dB and, for a narrow-band, low-noise RF amplifier, the noise figure often approaches 1 dB. From Fig. 6 it is seen that the noise figure of the APD is much greater than one over the range of expected DC photocurrents. Hence, to optimize the overall link noise figure, it is preferable to use a p-i-n photodiode followed by a high-quality RF amplifier rather than an APD followed by a TIA amplifier (or any electrical amplifier).
We now compare the third-order output intercept points. Using Eqs 9c and 10c we form the ratio 3 3
PL G PL APD TIA
OIP OIP
where, recall, 
The ratio is , to optimize the overall link OIP3,and under the assumption that the product of the APD gain and the OIP3 of the photonic link is much smaller than the OIP3 of the APD, it is preferable to use a p-i-n photodiode followed by a high-quality RF amplifier rather than an APD followed by a TIA amplifier (or any electrical amplifier).
Summary
Our goal in this report was to compare the radio-frequency (RF) performance of various photodetection architectures for use in free-space analog photonic links in order to understand how to optimize overall link performance at microwave frequencies. The discussion and experiments were limited to intensity-modulated, direct-detection photonic links.
We presented the basic theory for an RF link employing a photonic segment. We conducted experiments comparing three photoreceiver architectures: 1) a p-i-n photodiode with internal load resistor; 2) a p-i-n photodiode with internal load resistor followed by a high-gain, RF electrical amplifier; and 3) a p-i-n diode followed by a transimpedance amplifier. In all cases, the experimental results agreed closely with the predictions of theory.
Finally, we derived expressions to predict the performance of a photoreceiver comprising an avalanche photodiode (APD) followed by an RF gain element (either a TIA or an RF amplifier. Typically, an APD is employed to provide gain internal to the photodiode and thus relieve the performance requirements for any external amplifier. By comparing the RF link metrics of gain, noise figure, and linearity for these various architectures, we assessed the utility of the two approaches.
